Inverse Raman bands in ultrafast Raman loss spectroscopy J. Chem. Phys. 135, 164502 (2011) Electronic spectroscopy of the previously unknown arsenic carbide (AsC) free radical J. Chem. Phys. 135, 054309 (2011) False estimates of stimulated Raman pumping efficiency caused by the optical Stark effect J. Chem. Phys. 134, 234310 (2011) Extended multi-configuration quasi-degenerate perturbation theory: The new approach to multi-state multireference perturbation theory J. Chem. Phys. 134, 214113 (2011) Dynamics of cis isomers in highly sensitive amino-azobenzene monolayers: The effect of slow relaxation on photo-induced anisotropy J. Appl. Phys. 109, 103521 (2011) Additional information on J. Appl. Phys. Resonance-enhanced multiphoton ionization (REMPI) is shown to offer an attractive strategy for population inversion of molecular nitrogen in an Ar: N 2 gas mixture. We present a detailed analysis of the key processes leading to a population inversion of molecular nitrogen in a REMPI-pumped Ar: N 2 gas mixture, including a (3 þ 1) REMPI of argon atoms, conversion of the REMPI-generated atomic argon ions into molecular ions, and generation of long-lived metastable excited-state argon atoms through dissociative recombination, populating the C 3 p u states of molecular nitrogen. Population inversion achieved for the second-positive-band laser transitions of molecular nitrogen enables stimulated emission of ultraviolet radiation at 337 nm. A high selectivity of the REMPI process helps to radically reduce the depletion of the working medium through the ionization of N 2 , providing a pump mechanism that is ideally suited for the creation of a new type of a highly efficient nitrogen laser.
I. INTRODUCTION
Lasing action in nitrogen is known for almost half a century.
1,2 Still, interesting physics behind population inversion in molecular nitrogen, an unusual mechanism of lasing, and numerous potential applications of this cost-efficient laser system continue to attract growing attention. The most important lasing transition in nitrogen molecules couples the C 3 p u and B 3 p g electronic states and gives rise to the emission of ultraviolet radiation at 337.1 nm. In a standard scheme of an N 2 laser, population inversion of these states is created by an electron impact in a fast discharge. 3 Since the minimum of the potential curve of the B 3 p g state is shifted toward larger internucleus distances relative to the minimum of the potential curve of the C 3 p u state, the Franck-Condon principle dictates a much higher population efficiency for the C 3 p u state. The gain provided by the C 3 p u -B 3 p g transition is so high that a transverse-electric-discharge N 2 laser can operate with the atmospheric air as an active medium. 3 The question as to whether N 2 molecules can lase under conditions of optically excited atmospheric air has been a subject of intense studies through the past years. 4 Such an optically pumped N 2 laser in the atmosphere would provide a powerful tool for laser-based remote sensing and standoff detection. The utility of a UV N 2 laser for atmosphere sensing using Raman scattering has been known for more than four decades. 5 Modern laser technologies offer unique possibilities for the delivery of ultrashort highpower laser pulses over large distances in the filamentation regime, [6] [7] [8] enabling a remote optical excitation of the atmosphere. 9 A lasing-like emission of molecular nitrogen at 357 nm has been reported by the Laval group. 10 Recent experimental demonstration of lasing by two-photon-excited oxygen atoms in the atmosphere, 11, 12 on the other hand, suggests that narrowband laser excitation may often be advantageous as a method of optical pumping for lasing by atmospheric constituents.
In this paper, we examine a new optical method for the population inversion of the lasing C 3 p u and B 3 p g states of molecular nitrogen in a gas mixture. Our method is based on resonance-enhanced multiphoton ionization (REMPI) of argon in an Ar: N 2 gas mixture, leading to an efficient population transfer to the C 3 p u states of molecular nitrogen. A high selectivity of the REMPI process 13, 14 helps to radically reduce the depletion of the working medium through the ionization of N 2 , providing a pump mechanism that is ideally suited for the creation of a new type of a highly efficient nitrogen laser.
II. MODEL
The population inversion scenario considered in this work involves the following key processes. The REMPI of an Ar: N 2 gas mixture with an ultraviolet optical pump provides a highly selective ionization of argon without producing any noticeable ionization of nitrogen. Atomic argon ions Ar þ generated as a result of the REMPI process are converted into molecular argon ions,
Dissociative recombination of these ions, gives rise to long-lived metastable excited-state argon atoms, which efficiently populate the C 3 p u states of molecular nitrogen,
inverting the population of these states with respect to the B 3 p g state. This population inversion enables lasing at the wavelengths of 337 and 357 nm in the second positive band of molecular nitrogen, N 2 ðC 3 p u Þ ! N 2 ðB 3 p g Þ v¼0;1;2;3::: þ h. In the earlier work, the sequence of processes, Eqs. (1) - (3), has been identified as a mechanism of population inversion of the C 3 p u and B 3 p g states of molecular nitrogen in Ar: N 2 gas mixture pumped by an electric discharge, 15 giving rise to high-efficiency lasing at 337 nm. Lasing through other transitions of the second positive band of molecular nitrogen is also possible, but these lasing lines are typically much less intense and will be neglected here. Vibrational excitation of excited-state nitrogen N 2 ðB 3 p g Þ is also neglected. The REMPI pump requires a laser pulse with a sufficiently narrowband, which, however, does not need to have a high intensity, which allows the impact ionization of the gas mixture to be readily avoided. We consider a two-step single-frequency (3 þ 1) REMPI of argon by picosecond laser pulses with a central wavelength of 261.27 nm, where the first step involves a three-photon excitation of argon atoms to the 3p The rate of three-photon excitation in the first step of our REMPI process is given by 16, 17 
where g and f stand for the ground (3p 6 1S) and final (3p
states of the three-photon excitation process, x i,g is the frequency difference between the intermediate (i ¼ 1, 2) and the ground states, a is the fine-structure constant (1/137.036), F is the total photon flux measured in number of photons per meter-squared per second, Fðr; tÞ ¼ I L ðr; tÞ= hx L , I L (r, t) is the laser intensity, r is the radial coordinate x L is the laser radiation frequency, p j r j q h iare the dipole matrix elements for a transition coupling the p and q states, c i is the linewidth of the ith intermediate state, and G is the line shape profile. The laser pump is assumed to have a Gaussian temporal envelope and a Gaussian beam profile, I L ðr; tÞ ¼ I 0 ðtÞ exp Àr 2 =r 2 b À Á , with the beam-waist radius r b assumed to be large enough to neglect all the radial gradients. B The factor G is defined as a convolution of the Lorentzian, Doppler, and laser line profiles, yielding a contour that is strongly confined to the frequency of the threephoton resonance.
The cross section of one-photon ionization in the second step of the REMPI process, we use the quantum-defect approximation, which is exact for hydrogen-like atoms and provides an adequate accuracy for the Rydberg states of rare gases:
Here, Z is the charge of the resulting ion, U I is the ionization potential of the excited-state atom, R is the Rydberg constant, and hx L is the photon energy. The model of plasma dynamics for the REMPI-pumped Ar: N 2 mixture is based on the rate equation for the local density of excited-state argon atoms,
where N Ã is the number density of argon atoms in the 3p
the number density of ground-state argon atoms, n Ar þ and n Ar 
where n s stands for electrons (e), Ar /s], where T e is in eV and n e is in m
À3
. The first term in Eq. (7) accounts for recombination in three-body collisions, 18 while the second term includes photorecombination. 21 The crosssections of three-photon excitation, r ð3Þ , and one-photon ionization, The electron temperature T e is found from the hydrodynamic equation, 16 ,21
where T v is the vibrational temperature, T is the translational gas temperature, ions; ln K is the Coulomb logarithm. The transport collision frequencies (all frequencies are in 1/sec), e; N 2 ; e;Ar were estimated from the relevant mobilities, calculated with the relevant drift velocities and temperatures as listed in Ref. 24 The equation for the vibrational temperature is written as
The times of vibrational relaxation through N2-N2 and N2-Ar collisions in Eq. (9) were estimated using the LandauTeller approximation: Table I .
Kinetic equations are solved in our model jointly with the rate equations for the populations in the lasing states:
where n 1 is the population of the B 3 p g state, n 2 is the population of the C 3 p u state, n ph is the photon density, A 21 are the Einstein coefficients, I L ¼ n ph hc is the laser intensity, ¼ c=k L , k L is the lasing wavelength, S 1 and S 2 are the rates of processes populating the laser states via all channels except the optical processes (population loss from the N 2 (B) state through spontaneous transitions to N 2 (A) is included into S 1 ), s ph is the laser photon lifetime, r 21 is the stimulated emission cross section, I s ¼ h= r 21 s s ð Þ is the saturation intensity, and s s % A
À1

.
The r 21 cross section is calculated as r 21 
where g ð Þ is the spectral line shape.
To include pressure-induced line broadening, we take gðÞ % g 0 ðÞ760=ðp Ar þ p N 2 Þ, where g 0 ðÞis the spectral line shape at the gas pressure p ¼ 1 atm and T ¼ 300 K and p Ar and p N2 are the partial pressures of argon and molecular nitrogen. We set gðÞ % D À1 , where D ¼ Dkc=k 2 and Dk is the linewidth. For conditions typical of a TEA N 2 laser, k L % 337.1 nm, we have Dk % 0.1 nm, g % 3.66 Â 10 À12 s, and r 21 % 4.96 Â 10 À19 m 2 . Assuming that the plasma is induced within a laser beam waist region with a length L, 
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Shneider, Baltuška, and Zheltikov J. Appl. Phys. 110, 083112 (2011) we estimate the laser photon lifetime as s ph ¼ L=c. In simulations presented below L is taken equal to 5 cm.
III. RESULTS AND DISCUSSION
Results of simulations performed for a laser pulse with a pulse width of 200 ps, a central wavelength of 261.27 nm, an energy of 0.5 mJ, and a beam radius of 25 lm are presented in Figs. 1 and 2 . As can be seen from Figs. 1(a) and 2(a) , the REMPI process gives rise to a fast buildup of the electron density, as well as the densities of argon ions and argon atoms in the 3p 5 3d [5/2] 3 state. Results of calculations presented in these figures also show that the density of molecular nitrogen ions remains much lower than the density of argon ions, indicating that the high selectivity of the REMPI process helps to minimize the depletion of the working medium through the ionization of N 2 , thus providing favorable conditions for efficient lasing.
The kinetic energy of photoelectrons produced by REMPI is e ph ¼ hx L À U I % 3:2 eV. REMPI-induced plasmas are generally nonequilibrium, with the electron temperature T e , the vibrational temperature of N 2 molecules T v , the translational temperature T and the temperatures of atomic, and molecular ions T þ and T 2þ meeting the relations [Figs. 1(b) and 2(b)] T e ! T v ¼ T þ ¼ T 2þ . Due to the low intensity of the laser pulse, no impact ionization occurs within the laser pulse, as indicated by the kinetics of the electron density in Figs. 1(a) and 1(b), providing optimal conditions for population transfer to the upper lasing level.
Population inversion of the lasing C 3 p u and B 3 p g states of molecular nitrogen is achieved through the conversion of atomic argon ions into molecular ions through the process, Eq. (1), followed by the dissociative recombination of these ions, Eq. (2), giving rise to long-lived metastable excitedstate argon atoms, which efficiently populate the C 3 p u through collisions with nitrogen molecules, Eq. (3).
Kinetics of the number densities of atomic and molecular argon, as well as metastable excited-state argon atoms and the C (Figs. 3 and 4) , due to the higher concentrations of argon ions generated by the REMPI process, converted by processes, Eqs. (1) and (2) , to the higher concentrations of molecular argon ions and metastable excited-state argon atoms [cf. Figures 1(a) and 2(a) ]. With a proper choice of parameters of the laser pulses and gas medium, as can be seen from Fig. 1(c) , the population difference of 10 19 -10 21 m -3 can be maintained for the C 3 p u and B 3 p g states over a period of time of about 50 ns, providing ideal conditions for highly efficient lasing (Fig. 3) .
The intensity of laser radiation from a REMPI-pumped Ar: N 2 mixture is a nonmonotonic function of the partial pressure of N 2 . While for low pressures of N 2 , larger amounts of nitrogen lead to higher lasing intensities because of a larger number of molecules in the laser levels, for higher pressures of N 2 , quenching of the C 3 p u state through the N 2 ðCÞ þ N 2 ! N 2 ðBÞ þ N 2 process starts to play a noticeable role, reducing the lasing intensity.
IV. CONCLUSION
We have shown that resonance-enhanced multiphoton ionization offers an attractive strategy for population inversion of molecular nitrogen in an Ar: N 2 gas mixture. A high selectivity of the REMPI process helps to radically reduce the depletion of the working medium through the ionization of N 2 , providing a pump mechanism that is ideally suited for the creation of a new type of a highly efficient nitrogen laser. The high concentration of argon required for lasing in a REMPI-excited Ar: N 2 gas mixture the implementation suggests no straightforward extension of this lasing mechanism to the standoff detection mode, where several promising options, including lasing by molecular nitrogen 10 and atomic oxygen, 11 have been demonstrated. While the motivation for a REMPI-pumped nitrogen laser is certainly not limited to standoff detection applications, as outlined in the Introduction, it is worth noting here that, according to our simulations, the gain provided by REMPI excitation for a properly chosen gas mixture is several orders of magnitude higher than the gain accessible with the mechanisms enabling atmospheric-air lasers. We anticipate that the existing atmospheric laser schemes could be enhanced by REMPI-type processes, although the specific REMPI excitation pathways pertinent to lasing in the atmosphere are still not clear. The work on this concept is in progress. 
